We present an analysis of the Raman spectra of p-type transparent conducting Cr 2 O 3 :Mg grown by various techniques including spray pyrolysis, pulsed laser deposition, molecular beam epitaxy and reactive magnetron sputtering. The best performing films show a distinct broad range Raman signature related to defect-induced vibrational modes not seen in stoichiometric, undoped material. Our comparative study demonstrates that Raman spectroscopy can quantify unwanted dopant clustering in the material at high Mg concentrations, while also being sensitive to the Mg incorporation site. By correlating the Raman signature to the electrical properties of the films, growth processes can be optimised to give the best conducting films and the local defect structure for effective p-type doping can be studied.
Introduction
p-Type transparent conductors are not only much sought after for the realisation of fully transparent CMOS type electronics [1] , but also can play an important role in hole injecting or extracting layers for organic light emitting diodes or photovoltaic solar cells respectively [2] [3] [4] [5] . In particular, oxide materials have been studied intensively since the first report of p-type transparent CuAlO 2 [6] . One of the better performing p-type transparent conducting oxides (TCOs) is CuCrO 2 :Mg [7] . Despite its promising properties, the processing of this doped ternary oxide remains challenging and large variations in electrical properties depending on growth conditions have been reported [8] . Part of these problems is related to the dopant distribution and the other part is due to de-phasing of the ternary oxide itself [9] [10] [11] . Recently we have reported on a related doped binary oxide (Cr 2 O 3 :Mg and Cr 2 O 3 :Mg,N) with similar overall properties to CuCrO 2 :Mg [12] [13] [14] . In contrast to CuCrO 2 , Cr 2 O 3 is the thermodynamically most stable chromium oxide, and hence the impact of the dopant distribution can be much easier studied.
In this paper we investigate the magnesium inclusion in this simpler binary system and will correlate how growth conditions influence the local micro-structure of the dopant measured by Raman spectroscopy. This is made possible by the rather simple Raman spectra of the binary oxide, allowing for a qualitative and quantitative analysis of defect induced vibrational modes introduced by the Mg dopant. We will show that electrical properties of Cr 2 O 3 :Mg are comparable between different growth techniques once the conditions are optimised to favour dissociation of dopant clusters during growth or post-annealing.
Experimental details
Thin film samples with a thickness between 100 and 300 nm have been grown on glass substrates or epitaxially on Al 2 O 3 (0001) by a variety of different techniques such as radio frequency (RF) magnetron sputtering, molecular beam epitaxy (MBE), spray pyrolysis (SP) and pulsed laser deposition (PLD).
RF sputtered samples have been prepared by co-sputtering from both a Cr metal target and an MgO ceramic target in a reactive plasma with Argon flow of 10 sccm with a substrate to target distance of 11 cm. The O 2 flow rate was raised to be the highest possible value (1.6 sccm) without system instability resulting from the formation of oxide on the metallic target surface (the oxide point). Alternatively, films have been prepared from sputtering in Ar only using a Cr 2 O 3 / MgO mixed target with nominal MgO weight content of 5%. Samples are typically grown at a pressure of 0.45 Pa and deposited onto a substrate heated to 950 K. MBE grown samples have been prepared in a DCA M600 MBE with base pressure of 1.3 × 10 −7 Pa at a substrate temperature of 875 K. Cr metal or ceramic Cr 2 O 3 pieces were evaporated by e-beam heating with an oxygen partial pressure ranging from 1 × 10 −4 to 5 ×10 −3 Pa.
The doping was achieved by controlling the supplied power to a second e-beam evaporator loaded with MgO. Details of the crystallographic and electrical properties of MBE grown films have been published elsewhere [14] . Details of the in-house built spray pyrolysis system and dependence of the Cr 2 O 3 :Mg properties on the precursor solution have been described in detail elsewhere [13] . For this study, the best performing films were grown using water based solutions of 0.1 M Cr(NO 3 ) 3 The PLD targets have been prepared in house by solid state reaction. Cr 2 O 3 nano-powders and magnesium carbonate were mixed in a ratio of 94:6. In order to have a complete decomposition of the carbonate residual, leaving Mg as a dopant, powders were homogenised and then thermally treated at 1173 K for 24 h. Following this, the powders were grounded in a mortar with the addition of a few droplets of a solution of polyvinyl alcohol in isopropanol (15% w/w). This was necessary in order to preserve the integrity of the target during the following annealing steps. The powders were then pressed into pellets and sintered in air for at least 72 h at 1273 K. Samples were finally deposited from rotating targets at 773 K with a laser fluency of 0.3-0.5 J/cm 2 , substrate to target distance of 7.5 cm, and oxygen back-pressure of 10 Pa.
For all samples the actual Mg content was measured by X-ray photoelectron spectroscopy (XPS) using Al Kα photons in an Omicron Multiprobe XPS system. Surface contamination and residual precursor contamination was removed by Ar-sputtering at 650 V for 10-15 min with ion sputter currents of around 12.
The sheet resistance of all thin films was measured in linear four point probe geometry and the individual sample thickness has been determined by X-ray reflection, ellipsometry or cross sectional scanning electron microscopy depending on the thickness range or sample roughness. While the sheet resistance of the films varies with thickness, we will only discuss resistivity values ρ = R s d, as they can be directly compared. All doped films show p-type conductivity as confirmed by Seebeck measurements.
Micro Raman spectra of all films have been taken with a Renishaw inVia Raman spectrometer in backscattering geometry using a 10 mW, 488 nm Argon-Ion laser. For each sample polarisation dependent measurements were taken in z x; x ð Þz and z x; y ð Þz geometry. For the latter the scattered polarisation has been rotated by a λ/2 waveplate before the analysing polariser. This allows for direct intensity comparison of both spectra. To simplify the analysis only the Cr 2 O 3 A 1g mode at 554 was analysed. Other modes as well the fluorescent background has been eliminated by subtracting the z x; x ð Þz and z x; y ð Þz signals. This way we only analyse the Raman signal in A 1g symmetry which removes substrate and E g symmetry contributions from the spectra (see Fig. 1 ). All Raman spectra presented here are such differential data.
To compliment the crystallographic data from Raman spectroscopy, X-ray diffraction (XRD) patterns have been taken with a Bruker D8 Advance either in θ/2θ geometry for epitaxial, or in grazing incidence geometry for thin, polycrystalline samples.
Results
With all investigated growth techniques we can synthesise Cr 2 O 3 :Mg in the desired eskolaite phase and varying Mg concentration as confirmed by X-ray diffraction and XPS (not shown). For the investigated range of Mg doping all patterns are consistent with a single phase (eskolaite, Cr 2 O 3 , PDF number 01-072-3533) [12, 14] . As we investigated polycrystalline thin films grown on glass, as well as epitaxial films on Al 2 O 3 , it is difficult to compare samples grown with different techniques based on their XRD pattern alone. Some exemplary patterns are shown in Fig. 2 . In previous, more complete screening measurements the optimum Mg/Cr ratio for MBE and spray pyrolysis grown samples were found to be 8% or 10% respectively [13, 14] . The resistivity of as grown films with Mg concentration of~10% Mg/Cr ratio was found to be hugely dissimilar ranging from 1 to 5000 with PLD grown films showing lowest values and MBE and Magnetron grown samples from metallic sources showing the highest resistivity (see Table 1 ).
This initial result of widely varying resistivity values, despite samples showing similar crystal structure and dopant concentration, is quite similar to the situation reported for other oxide based p-type TCOs such as CuCrO 2 :Mg [8] . As previously discussed the phase diagram and Raman spectra of Cr 2 O 3 are comparably simple. From a practical point of view we focus specifically on the strongest A 1g Raman mode using the polarisation dependent data. Vibrational modes in general are sensitive to the local bonding structure, and as doping levels are very high (N5%) we expect to see Mg related modes within the doped materials which will reflect the local coordination of the dopants. At high doping levels one could expect de-phasing of the material into other oxide phases such as stoichiometric Cr 2 O 3 , MgCr 2 O 4 , or MgO. We therefore first investigated the Raman signature as a function of Magnesium concentration for magnetron sputtered samples, as this technique offered the easiest and most robust control of Mg/Cr ratio via the applied power to the Cr and MgO target. Fig. 3 shows the development of a Mg related local vibrational mode (LVM) around 720 already for low Mg concentrations. The broad structure in the vicinity of All films show only peaks consistent with the eskolaite phase, with small differences in peak width, a − and c − lattice parameter. These are caused by differences in oxygen stoichiometry, crystalline quality, and film thickness. All samples shown had doping levels of 10 ± 2%. Polycrystalline samples grown on glass have been measured in grazing incidence geometry, samples grown on sapphire in θ/2θ geometry and shown in logarithmic scale for better comparison. the Cr 2 O 3 A 1g mode seen already for undoped samples is caused by the glass substrate. The LVM is well developed and not as broad as expected for localised defect centres, suggesting a de-phasing of the material on the nanometre range as X-ray diffraction patterns did not reveal other phases rather than the eskolaite Cr 2 O 3 phase. One likely candidate of a phase separation would be the MgCr 2 O 4 spinel structure. It's main A 1g mode in bulk form however is found at 685. In strain dependent Raman measurements however it was shown that the MgCr 2 O 4 mode shifts significantly to higher frequencies under uniaxial strain [15] . To observe the mode at 720 strain values of 15 GPa would be required. Such values are not unreasonable for nanometre sized clusters embedded in a Cr 2 O 3 matrix, hence, our data is consistent with the formation of dopant clusters in the form of MgCr 2 O 4 inclusions, which explain the poor electrical properties of these as grown samples.
In a second step the Raman spectra of MBE grown samples grown on Al 2 O 3 (0001) have been analysed. The thin films are fully relaxed with improved conductivity compared with the polycrystalline films grown on glass by RF-sputtering, but still far from the ideal 1-5 seen in PLD and SP grown films. As grown samples, using Cr metal and MgO as dopant, show a combination of a broad defect induced mode around 620 and a similar mode at 720 (see Fig. 4 ). The latter mode is significantly reduced once samples are post-annealed in oxygen, while at the same time the Cr 2 O 3 mode is sharpened, the broad defect mode increased and the conductivity of the thin film improved. This can be interpreted as a direct redistribution of the Mg in the film from localised, strained MgCr 2 O 4 clusters to more isolated defects required for cationic doping.
For all these samples the position of the Cr 2 O 3 A 1g was found to be below the expected bulk value of 554. This difference could be related to Mg induced strain however the position did not significantly vary with increased Mg concentration or Mg redistribution during postannealing. As all samples so far have been grown from metallic targets at the highest oxygen partial pressure available in the instrument, the change could be caused by a lack of oxygen in the lattice. p-Type oxides are typically improved with high oxygen partial pressure. Hence, another set of samples have been prepared by using Cr 2 O 3 pellets as source material for e-beam evaporation. Fig. 5 shows the Raman spectra of Table 1 Comparison of representative samples in terms of their resistivity. Critical growth parameters including oxygen partial pressure (p O2 ), temperature T have been given for samples grown by different techniques (MBE, PLD, Spray Pyrolysis (SPR), and Magnetron sputtering (MAG)). The actual Mg content for each sample, as well as measured resistivity ρ, frequency ω A1g and width Γ of the main Cr 2 O 3 A 1g mode have also been listed. Samples shown in Fig. 6 these films as a function of Mg concentration and after the usual postannealing step. The unwanted MgCr 2 O 4 related mode is not seen anymore in favour of the Mg defect related broad band mode. Consequently the resistivity of the sample with ideal Mg concentration was found to be in line with best performing SP grown films at 5. Similar improvements have been observed for RF sputtered films once the metallic target was changed to a ceramic one. The latter Cr 2 O 3 :MgO mixed target had a nominal Mg/Cr atomic ratio of 5%, and further improvements are expected once this is increased to values of around 10%. Once the target composition, growth and post-annealing conditions have been optimised to maximise the oxygen partial pressure, the formation of MgCr 2 O 4 clusters in the thin films is suppressed, either due to an increased formation energy of MgCr 2 O 4 , or the decrease in formation energy for the active doping defect, most likely Mg Cr . These findings are very similar to early reports on the solubility of MgO in Cr 2 O 3 in solid solutions formed at high temperatures, where an increase in oxygen pressure was found to increase solubility [16] .
When this is combined with post-annealing to dissociate any residual clusters the spread in electrical performance of films prepared by different techniques was reduced from three orders of magnitude to below one (see Table 1 ). In this case, all films show a broad band defect related mode around 620 in the Raman spectra in addition to the main Cr 2 O 3 A 1g mode. Fig. 6 shows Raman spectra of samples grown with various techniques. There are still differences in crystallinity as indicated by a considerable difference in broadening and position of the Cr 2 O 3 A 1g mode particularly for non epitaxial films. Further studies are required to correlate these changes to differences in crystal orientation, size, oxygen stoichiometry, and their influence on the electrical properties of the material. Most importantly, none of these optimised samples shows the signature associated with unwanted dopant clustering.
Conclusion
We have demonstrated that large differences in resistivity between Cr 2 O 3 :Mg samples are related to a clustering of the Mg precursor. Depending on growth conditions the dopant clusters into regions which are too small to be detectable by XRD, but large enough to result in a coherent local vibrational mode seen in Raman spectroscopy. The most likely structure of these clusters is highly strained MgCr 2 O 4 . By post-annealing these clusters can be partially dissociated and under optimum growth conditions using ceramic targets and high oxygen partial pressure the occurrence of this phase can be fully suppressed. This assessment is based on the changes in Raman spectra of the thin films, using particular differential measurements that dominantly show A 1g symmetry Raman modes.
While these studies are based on Cr 2 O 3 :Mg we believe that findings are more general and results can be applicable to other Mg doped oxide semiconductors in particular CuCrO 2 :Mg, where a similar formation of unwanted spinel phase has been reported [10] . The physical mechanisms of suppressing this localised dopant clustering during growth or post-growth by annealing in oxygen are likely very similar in Cr 2 O 3 and CuCrO 2 . 
